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Multi-Disciplinary Hands-on Desktop Learning Modules  
and Modern Pedagogies 
 
Abstract 
 
Our team’s research focuses on fundamental problems in undergraduate education in terms of 
how to expand use of well researched, yet still “new”, teaching pedagogies of ‘sensing’ or 
‘hands-on’, ‘active’ and ‘problem-based learning’ within engineering courses. It is now widely 
accepted that traditional lectures ARE NOT best for students – yet that is what the community 
almost universally does. 
 
To address this issue we are developing new Desktop Learning Modules (DLMs) that contain 
miniaturized processes with a uniquely expandable electronic system to contend with known 
sensor systems/removable cartridges, as well as, unknown expansions to the project. We have 
shown that miniaturized mimics of industrial-scale equipment produce process data that agree 
with correlations developed for large-scale equipment. We are now adapting concepts shown 
efficacious in a single chemical engineering course to a variety of engineering classes within 
civil, mechanical, bio- and electrical engineering. Some examples of new hands-on learning 
applications in chemical engineering include a boiler / condenser and evaporative and shell & 
tube heat exchangers. In bioengineering, we are developing prognostic devices for separating 
Prostate Cancer Tumor Cells (PCTCs) from blood, sensing for the presence of PCTCs, a 
thermoregulation simulated limb cartridge for studying kinematics of heat flow and heat 
distribution in human extremities, and immunoaffinity neuron-like ion selective electrodes. In 
civil engineering, the DLMs illustrate open channel flow units and a solar powered Rankine 
cycle is underway in mechanical engineering. We are implementing DLMs along with team 
learning pedagogy. 
 
In this paper we will present technical aspects surrounding development of a large number of 
new learning cartridges. While the assessment strategies being developed are broadly applicable 
we will just present one instance, with the civil engineering cartridge, of the identification of 
misconceptions and experimental design for assessing the impact of the DLM on learning. The 
assessment includes a pre- and post-test assessment to determine improvement in understanding 
basic concepts and persistence and/or repair of misconceptions.  
 
Introduction 
 
Hands on teaching methods have a long history 
of use in science and engineering. Usually this is 
seen in the form of laboratory classes that either 
accompany a lecture course to reinforce con-
cepts and teach research skills; or capstone la-
boratory courses which occur toward the end of 
an undergraduate curriculum. In general labora-
tory courses the aim is to bring the students into some variety of a learning cycle, such as Kolb’s 
experiential learning cycle [1, 2], shown in Fig. 1.  This entails: Concrete Experience (CE) or a 
look at what is happening here and now as module process variables are manipulated, Reflective 
Reflective ObservationActive Experimentation
Fig. 1. Common Kolb’s learning cycle. 
Concrete Experience 
Abstract Conceptualization
Observation (RO) or what is the meaning of what was just observed, Abstract Conceptualization 
(AC) or how can these observations be quantified mathematically, and Active Experimentation 
(AE) or how can process variables be adjusted, mathematical formulas reduced and new infor-
mation added to complete understanding of important concepts? 
 
Some work is underway to bring hands-on experiences into courses where they are usually ab-
sent [3, 4].  Such attempts generally involve low cost, easy to obtain materials. For example, an 
ice cream maker is used to teach process engineering [5]; in another instance students examine 
what happens when pop goes flat [6]; others employ a stir-plate and ice bath to study kinetics, 
heat transfer and sensor dynamics [7]; a mug warmer and CPU cooling devices are used for 
studying heat transfer [8]; and a cup of coffee to teach transport phenomena [9].  
 
What has been lacking are ways to bring the type of equipment usually reserved for a capstone 
laboratory class into classrooms earlier in the curricula. Some attempts at doing this include pro-
jects where the students themselves build miniature desktop or table-top learning systems. An 
early example within the chemical engineering discipline includes a class taught by co-author 
Van Wie where student teams made an extended area heat exchanger, a coin separator, an ice 
cream maker and several other systems [10], with more recent implementations of classroom 
DEMos reported by Minerick [8, 11] and by Visco [12]. Drawbacks here are that each student 
team tends to focus mainly on their own system, such that other teams benefit minimally from 
what another team learns, and it can take a number of iterations through several years by differ-
ent student teams to update and perfect a system so that it can operate reliably. To compensate 
for these drawbacks Golter et al. [13, 14] developed a set of hands-on classroom systems consist-
ing of small heat exchangers and fluids systems, rack-mounted with small white boards for mod-
eling equations. The concept was later updated in the form of Desktop Learning Modules or 
DLMs which contain a one cubic foot base system with hot and cold fluid reservoirs, flow me-
ters, temperature and pressure readouts and a set of interchangeable unit operations cartridges 
[15, 16]. 
 
Recent efforts extend the DLM concept to the civil engineering discipline [17]; now a more con-
certed effort and rigorous study is taking place in Civil Engineering with expansion to Bio-, Me-
chanical and Electrical Engineering underway [18]. In this paper, we highlight some of the new 
interchangeable cartridges that are being developed and their utility in terms of concepts and 
principles that can be learned or reinforced by those using them. We also highlight a pre- / post-
test strategy being piloted in the civil engineering implementation, which will have general ap-
plicability and adaptability to other disciplines for assessing the impact of DLM usage in resolv-
ing misconceptions that typically persist even after students complete a lecture-based format 
classroom experience. Included is a detailed summary that identifies the Civil Engineering mis-
conceptions that serves as an example of what we expect to do in parallel in other disciplines. 
 
Bioengineering Cartridges 
 
Neurophysiology and Immunosensor Concept 
 
Our first emphasis regarding biomedical engineering applications involves learning about neu-
ronal membranes in biomedical engineering classes with a miniature hand-held rapid-format dual 
ionophore ion selective electrode (di-ISE) measurement system [19]. The concept can also be 
extended to sensing of proteins and complex organic species for learning about novel applica-
tions of neuronal membrane concepts as will be described here. ISEs have been developed for 
ion sensing purposes for more than thirty years [20] and are useful for a wide variety of applica-
tions in pollution control [21], water quality monitoring[22], waste water treatment, food quality 
control [23], medical diagnosis and hygiene [24], the pharmaceutical and cosmetics industry 
[25], industrial production [26], and education [27]. Our di-ISE is inspired by living neuronal 
physiology and illustrated in Fig. 2 with a sensing application to the model analyte cardiac Tro-
ponin I (cTnI). The di-ISE will consist of a hapten-ionophore conjugate (HIC) linked to a K+ 
ionophore, and antibody to the hapten, and an ionophore to a second ion, in this case Na+. When 
opposing concentrations gradients of K+ and Na+ are present the system starts at a resting voltage 
that corresponds to the relative permeability of each ion species and species concentration gradi-
ents. When an antibody to the HIC binds, this complex will be sequestered on one side of the 
membrane, hindering the flow of K+ ions (A). Immuno-competition can then occur when antigen 
is present in solution releasing the antibody and allowing free transport of K+ ion to the other 
side (B); this results in voltage modulation.  
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Fig. 2. Dual ionophore ion selective membrane for model analyte cardiac Troponin I (cTnI). 
 
In a miniature hand-held model neuron-like system we constructed a di-ISE membrane with 
valinomycin, a highly selective K+ ionophore (A.G. Scientific. Inc., San Diego, CA) and 0.1% 
NaX (Fluka, SL Louis, MO). To simulate voltage changes that occur when K+ permeabilities are 
changed we vary the amount of valinomycin in the membrane from 0.001 to 3 wt%. Preliminary 
data for a 1 M external K+ concentration and 0.1 M internal Na+ concentration are shown in Fig. 
3 with di-ISE voltage responses as a function of model analyte concentration in solution. We see 
a base value of about 40 mV for 0.001% valinomycin concentration or a simulated analyste 
concentration of 10-7 M cTnI, assuming a 1:1 ratio of HIC bound antibody and antibody 
competed away by cTnI in solution.  cTnI concentrations are based on the amount of HIC in a 30 
μm sized ISE made from 1 μL volume of membrane cocktail and placed in 0.7 μL of sample. 
There is a steady increase in voltage to 250 mV for 3% valinomycin concentration or a model 
analyste concentration of nearly 10-3 M cTnI. 
 
Fig. 3. Data simulating cTnI sensing in a di-ISE based on changing valinomycin concentration 
within a 30 μm diameter 100 nm thick membrane containing 0.1% NaX. 
 
Cell Sensor and Biological Sample Reading Principles  
 
A new miniature desktop cell sensor cartridge, shown in Fig. 4, is designed for detecting and de-
termining concentrations of biological cells in suspension. Initial tests are focusing on monitor-
ing prostate cancer tumor cells (PCTCs) in simulated circulating human blood. 
               
Fig. 4a. Schematic of the biosensor.                        Fig. 4b. Infinetix chamber. 
 
The final design will include two pistons that dispense the labeled inhibitor and cell suspensions. 
A small volume of cell suspension flows through the cuvette, coated with streptavidin that binds 
to a biotin-inhibitor complex where the inhibitor binds specifically to an enzyme known as pros-
tate specific membrane antigen or PSMA.  
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Our first cell suspension will consist of GFP-LNCaPs, which are prostate tumor cells transfected 
with green fluorescent protein. A prototype cartridge has been designed and tested by our collab-
orators at Infinetix Corporation (Spokane, WA) and is shown in Fig. 4b. When cells pass through 
the cuvette they are captured by the enzyme inhibitor and the numbers captured related to the 
GFP-LNCaP concentration. Excitation light at 480 nm leads to GFP fluorescence read at 90º 
through a 515 nm filter. For detecting non-fluorescent LNCaPs, cells are captured, the cuvette 
purged of remaining cells, FITC-labeled inhibitor added, the system washed of non-captured 
FITC-labeled inhibitor, and final fluorescence read as before.  
 
Preliminary results were collected to confirm that biotin-FITC could be bound to streptavidin 
coated 96-well plates. Data plotted on a fluorescence vs. log of concentration graph show the 
typical S-shaped curve for adsorbed species with a minimum detection limit of 50 μM and max-
imum value of 5 mM of Biotin-FITC. The next experiment was to determine if the biotin-
inhibitor could capture the DAPI-LNCaPs on the coated plastic surfaces. DAPI or 4’6-
diamidino-2-phenylindole is a fluorescent stain that binds strongly to A-T rich regions in DNA 
that excites at 358 nm and emits at 461 nm. Preliminary results suggest when more PCTCs are in 
suspension there is indeed a higher fluorescence intensity than less concentrated suspensions and 
both high and low suspension concentrations result in higher fluorescence than what occurs with 
non-specific binding in non-biotin-inhibitor-coated plates. The experiment was done on a 96-
well plate in triplicate and the averages taken. The plates were pre-blocked with Bovine Serum 
Albumin (BSA). We experimented with 5 times more and 5 times fewer cells from a 50,000 cell 
stock. The plate was incubated with biotin-inhibitor overnight at 4ºC. Cells were added to wells; 
controls contained cells without inhibitor. The plate was incubated on a shaker for 1 hr at 4ºC. 
After that, we fixed the cells with 3% DAPI and 2% formaldehyde in a phosphate free medium. 
Table 1 shows results from triplicate runs from an experiment with DAPI-LNCaPs. Wells con-
taining 250,000 cells give a fluorescence ratio of 2.4 when compared to control wells not coated 
with biotin-inhibitor while those with only 5,000 cells have a ratio of only 1.03. The ratio near 
1.00 is probably because of non-specific binding or because not all cells were thoroughly re-
moved in washing steps in the control experiment. The higher ratio with higher cell concentra-
tions suggests that capture of cells to the plastic-bound inhibitor indeed occurs. 
 
Table 1. Results from cell sensor simulation in a biotin-inhibitor coated 96-well plate. 
No. Experiment & Labeling Fluorescence Ratio (%) Expt/Ctrl 
0 Negative control or blank (only DAPI) 0     
1 5k cells + biotin-inhibitor -563 #1/#3 = 44.5 
2 Control (5k cells + medium) -548 #2/#3 = 43.3 1.03 
3 Positive control (DAPI + 5k cells) -1270     
4 250k cells + biotin-inhibitor 3580 #4/#6 = 59.6 
5 Control (250k cells + medium) 1490 #5/#6 = 24.8  2.40 
6 Positive control (DAPI + 250k cells) 6000     
 
Preliminary measurements with a flow cell system, manufactured by Infinetix, indicate that FITC 
concentrations at the same levels as those used in the 96-well plate experiments show the proto-
type system can indeed detect FITC presence. The circuit outputs range from 0.0 to 3.0 volts and 
requires 60 mA of current, which may easily be read with our new prototype DLM system.  
The sensor cartridge system can be used to supplement lectures on topics related to: 1) on-line 
detection of PCTCs in a system that simulates an ex-vivo flow cell that takes in circulating pe-
ripheral blood; 2) helping students understand sensing constructs that depend on excitation and 
emission light; and 3) application to detection of other cell types such as coliforms for monitor-
ing water quality. 
 
Cell Separations 
 
Circulating Tumor Cells (CTCs) are an elusive cell type found in the blood of late stage cancer 
patients [28]. Currently researchers are seeking ways to collect CTCs in early stages of the dis-
ease to arrest cancer in pre-metastatic patients, and a biomarker for disease state and prognosis. 
For example, CTCs are correlated with disease state and disease free survival in Ovarian Cancer 
[29]. The leading challenge with detecting CTCs in blood is their scarcity, as low as 1 CTC/mL 
of whole blood [30]. One approach to collecting CTCs is to use a two-step separation process 
first using apheresis, then elutriation. A proof of concept study has shown that high purity can be 
achieved from elutriation of spiked leukapheresis of healthy patients [31]. 
 
In our labs various factors that impact apheresis are being investigated to improve separation in 
this initial step. Discussed here is the predicted impact of Hematocrit (HCT or cell fraction) on 
separation of circulating prostate cancer tumor cells (PCTCs) from Red Blood Cells (RBCs). 
This was motivated by previous work which shows White Blood Cells (WBCs) separate from 
RBCs quickest at lower HCTs [32]. Modifying the model developed previously [35], by using 
the diameter of the PCTC and compensating for the PCTC volume produces the results shown in 
Fig. 5. Included in the figure is the settling velocity difference for WBCs for comparison. 
 
 
Fig. 5. The differences in settling velocities for both White Blood Cells (WBC) and Prostate 
Cancer Tumor Cells (PCTCs) from Red Blood Cells (RBCs). 
 
This model predicts that the quickest separation of CTCs will occur at approximately 35% HCT; 
this predicts that separation is optimized at HCTs near to those of whole blood. To validate this 
claim, some preliminary data were collected. Samples of pig blood were spiked with prostate 
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tumor cells then diluted or concentrated to varied HCTs. The samples were then centrifuged and 
analyzed using a flow cytometer. Although the data will need to be verified with higher sample 
sizes and supporting assays, preliminary find-
ings suggest that the best separation does occur 
near whole blood feed HCTs. 
 
While the technical goal is a CTC sensor for 
patient blood and rapid and efficient purifica-
tion of these cells, the learning goal in a DLM 
will be on understanding separations that result 
through sedimentation. We envision a rapid 
hands-on separation in inclined test tubes and 
assessment of CTC presence in cell isolates 
through numbering them in counting chambers 
under a microscope brought to the classroom. 
 
Thermoregulation in a Simulated Limb 
 
Heat transfer is a subject of significance to engi-
neering students. Although universities offer ex-
tensive courses for providing an adequate under-
standing of heat transfer, incorporating theoretical knowledge to real-life applications may some-
times be challenging. Heat transfer processes occur in a variety of occasions in life such as ther-
moregulation in the human body. Therefore, utilization of a simple model to demonstrate this in 
class with a DLM could enhance the understanding of the subject. We have designed a simulated 
limb cartridge that mimics some aspects of heat transfer in the extremities. We ran a 3D heat-
transfer model, using COMSOL Multiphysics software, for one subunit of the artery / vein frac-
tal geometry. The subunit consists of four layers where a u-tube-shaped rectangular duct is em-
bedded inside the three lower layers (Fig. 6). The rectangular layers were drawn to represent skin 
layers where the upper layer is the outermost and has contact with the exterior environment, 
which is air. On the other hand, the embedded rectangular duct was drawn to illustrate a capillary 
system where blood flows in and comes out to distribute heat to warm up the extremities via 
convection and conduction in biological tissue (skin layers). To represent blood and biological 
tissue, water and PMMA were selected as materials for the DLM respectively. PMMA is a de-
rivative of glass and it will enable the observers to see the interior in a DLM model, where flow 
occurs. Additionally, PMMA is not a reactive material and its structure will not be affected by a 
temperature difference.  
 
We ran a model in COMSOL assuming water flows in the duct with a volumetric flow rate of 0.1 
gal/hr and it is at body temperature (310 K), where the PMMA layers and outer environment 
(air) is at room temperature (293 K). Unsteady-state solution of the model shows exponential 
decay to steady state to the outer surface temperature for the top PMMA layer (Fig. 7). Addition-
ally, the temperatures of the outer layers converge to a steady-state temperature 309 K, which is 
very close to body temperature, in approximately 7 min. As a result, it we conclude that the 
DLM is capable of demonstrating the heat transfer and temperature change in different materials 
via convection and conduction in a relatively short period. The time needed for this demonstra-
Fig. 6. The 3D model for the smallest sec-
tion of a simulated limb cartridge. The four 
rectangular layers represent biological tis-
sue and the embedded u-tube shaped chan-
nel represents an artery / vein system. The 
blue-colored domain represents the fluid. 
tion is crucial because it will be shown to stu-
dents in a regular class period, which is usual-
ly 50 to 75 min. Since 7 min is only a small 
fraction of this time a DLM cartridge based on 
the model is expected to enhance students’ 
understanding of the topic and lessen the time 
they will spend in learning the subject. In con-
clusion, a simulated limb cartridge is a reason-
able option for teaching heat transfer to engi-
neering students through a hands-on learning 
experience. 
 
Civil Engineering Flume, Misconceptions, 
and Assessment Strategy 
 
Our Civil Engineering team is working on a 
DLM open channel flow component for water 
resources engineering. The DLM design was 
modified from its original configuration to 
better fit the needs of how to model open 
channel flow concepts in the classroom. The newest DLM (Fig. 8) is a more compact, simplistic 
device that can be used easily in the classroom. The DLM consists of a flume and a reservoir to 
house the water. There is a gate valve to control flow, a digital level to adjust slope, and a level-
ing platform. We have also included a digital flow meter device to monitor flow rate. The DLM 
operates on a small, rechargeable battery pack and a pump. 
 
For identifying misconceptions preliminary results were collected in spring and fall 2011 in the 
form of 50 open-ended interviews with individual students and 41 pre/post-tests, respectively. 
Data suggest junior level students are developing robust misconceptions related to fundamental 
concepts. Concepts tested include: hydraulic jumps; flow profiles; flow transitions; hydraulic and 
energy grade line (HGL/EGL); and the most efficient section. The following is a brief summary 
of the findings. 
 
Hydraulic Jump 
A hydraulic jump occurs when flow transitions from a fast and shallow movement to a slow and 
deep movement. Inertial forces decrease due to friction and energy is dissipated as gravitational 
forces dominate as the fluid slows. Most tested students knew what a hydraulic jump looked like, 
but only one mentioned it was a transition from inertial to gravitational forces. Many students 
referenced the effects of a hydraulic jump such as the depth increases or the velocity slows, but 
these are indirect results of a hydraulic jump. 
Flow Profiles 
Students were given a few different flow profiles that ranged from passage through a sluice gate 
to a sharp crested weir. A global result is that the tested students hold incorrect beliefs relating to 
how water flows from one point to another. A great example of this is the result from the broad 
Fig. 7. Temperature distribution on the upper 
surface of the 3D model versus the arc 
length of the surface. The temperature values 
after 6-7 min get very close to each other, 
which indicate convergence to the steady-
state case.
crested weir. Some students believe that the water depth will increase over the weir under sub-
critical (slow and deep flow) conditions. Actually, the water depth decreases and transitions to 
supercritical (fast and shallow flow) conditions. The dominant explanation was that flow choking 
would occur as water hits the weir and backs up rather than flowing over the obstruction.  
Fig. 8. Civil Engineering flume DLM in an approximate 10” x 10” x 15” reservoir with a 2” 
wide, 3’ long flume. Water is recicrulated by a submersible pump and various flow obstructions 
may be inserted to promote various flow regimes. 
HGL/EGL 
The hydraulic and energy grade lines (HGL & EGL) are a simpler concept to understand but re-
sults show that a large portion of students may carry robust misconceptions about where they are 
placed for an open channel flow profile. The HGL includes the elevation and pressure (depth for 
open channel flow) of a system, which always places it at the water surface. The most common 
answer from the participants was that the HGL was placed above the water surface. The EGL 
includes the elevation and depth like the HGL, but is separated by the energy in the system. The 
most common answer from participants stated the EGL is placed at the water surface. The main 
explanation was that there is no pressure in an open channel system and pressure is only the dif-
ference between EGL and HGL 
Flow Transitions 
All four types of flow transitions were given to the participants tested (supercritical drop/lift and 
subcritical drop/lift). The transition most commonly answered incorrectly was a supercritical 
drop. A supercritical drop causes a decrease in water depth due to an increase in specific energy. 
This is the opposite of a supercritical lift, which causes an increase in water depth after the tran-
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sition. The most common misconception found suggests that some students may hold an incor-
rect mental model relating to flow transitions. Some students thought that water depth actually 
increases rather than decreases as a hydraulic jump occurs at the transition point. 
Most Efficient Section 
The most efficient section of a channel is a geometric shape that most resembles a semi-circle. 
For constructability purposes, this is most often a trapezoidal shape as that shape can convey the 
most amount of water for the least amount of frictional losses. Almost 75% of tested participants 
indicated a triangle shaped channel was the most efficient; which is incorrect.  
These brief results show that a significant portion of students may hold robust misconceptions 
related to open channel flow. We therefore modified the original DLM and tailored it to the con-
cepts above. We are currently implementing 15 of these DLM’s replacing a lecture based teach-
ing method with a hands on, active learning atmosphere that will hopefully correct any robust 
misconceptions and reinforce any correct beliefs. We also, based on preliminary results, have 
made three worksheets to accompany the DLM for students to work through and develop a cor-
rect working knowledge of the commonly developed misconceptions. We plan to replace three 
lecture days with interaction with the DLM. Each day will focus on a common misconception 
related to: 1) hydraulic jumps and the hydraulic and energy grade lines; 2) flow profiles; and 3) 
flow transitions, e.g., from subcritical to supercritical or vice versa. The same pre and post-test 
used in fall 2011 was administered to the class before and after exposure to the DLM. We will 
contrast the pre and post-tests from DLM exposure to the collected baseline data and will report 
a results summary at the 2012 ASEE Meeting. 
An example worksheet appears below. Students are also asked to explain their answer with 
hopes to map their cognitive process and understand their thinking. Finally, they are asked to 
rank their confidence. 
 
Example worksheet exercise: 
Complete each of the channel profiles on the following pages: 
State whether or not a hydraulic jump could occur. 
If a hydraulic jump is possible, explain what other factors are necessary for a hydraulic 
jump to occur. 
If a hydraulic jump is not possible, explain why. 
Complete the profile by drawing the flow profile on the sketch. (i.e. draw a line repre-
senting the top of the water) 
Note: Assume that flow is at steady state. This scenario begins with subcritical flow. 
 
Is it possible for this channel profile to produce a hydraulic jump (yes/no)? 
 
Subcriti‐
cal Flow 
Sluice Gate 
Draw the flow profile (include a hydraulic jump if you think it is possible to produce with this 
profile). Explain your reasoning. 
 
How confident are you in your answer? 
 1  2  3  4   5 
Not confident        Very Confident 
(I guessed)       (I know I’m right) 
 
Assessments in Other Implementations 
 
Similar strategies to those in Civil Engineering are used in the Chemical Engineering implemen-
tation and planned for the Bioengineering implementation. For example in ChE pre- and post-
quizzes are given along with exam questions to gauge long-term retention. The class is split in 
two with half receiving a lecture and half a hands-on experience on a topic such as a shell and 
tube heat exchanger. Then the two halves are switched for another topic such as an evaporative 
spring-coiled cooler. Assessments will be done using a rubric based on Fink’s cognitive learning 
domains . Again, we expect to present preliminary results on this assessment at the 2012 ASEE 
Meeting. 
 
New Chemical Engineering cartridges 
 
Extended Area Heat Exchanger for Senior Lab 
 
A group of chemical engineering students worked 
with a DLM during a Unit Operations Laboratory 
course in support of gathering accurate heat trans-
fer coefficient data for the extended area heat ex-
changer cartridge (using water for the heat source, 
and air for the cooling medium). The DLM sys-
tem (Fig. 9) consists of two reservoirs (Tanks A 
& B), and a pump, rotameter, gate valve, and 
thermocouples for inlet and outlet ports to the se-
lected cartridge (in this case an extended area heat 
exchanger or EAHE) for each reservoir. Power is 
supplied to the pumps and thermocouples via an 
internal rechargeable battery. 
 
Using two different system set-ups (an unmodi-
fied DLM and a DLM re-plumbed to achieve liquid Reynolds numbers greater than 640), this 
group of students was able to calculate overall heat transfer coefficients for liquid Reynolds 
numbers ranging from 90.9  19.9 to 1530  140 (at a constant air speed of 1.5 m/s). Values 
were compared to models based on correlations (Davenport air-side, Hansen liquid-side, and 
Aoki air-side, Hansen liquid-side) for louvered-fin flat-tube extended area heat exchangers [33]. 
 
Preliminary results reveal some methodologies were leading to uncertain results for these EAHE 
cartridges during in-classroom use. In search for more accurate and precise results, thermocou-
Fig. 9. Front view of the Desktop Learn-
ing Module (DLM) with an extended area 
heat exchanger cartridge. 
ples were placed at the inlet and outlet for the air-side flow streams, as measurements show the 
inlet air temperature being greater than that of the room (due to outlet air recirculation caused by 
restriction of flow behind the EAHE cartridge). In addition, the total air pass area was reduced, 
as there were parts of the fan assembly (such as the supports) that were blocking airflow through 
the core. Air-side heat duties were used in the experimental calculation of the heat transfer coef-
ficient as heat was being lost in the feed and return tubes on the water side as well as the core. 
 
After these corrective actions were taken, new results suggest the EAHE cartridge is best mod-
eled with the Davenport air-side, Hansen liquid-side models. Over the range of flows used, max-
imum and minimum deviations of 16.1 and 0.4 % from this model occur at liquid Reynolds 
number of 120 ± 108 and 364 ± 37, respectively. On average, the heat transfer coefficients were 
lower by 40 - 45%, than those predicted using the Aoki air-side, Hansen liquid-side models 
which is comparable to values that were 35% lower as reported by Ng et al.[33]. These results 
could be because the geometry of the louvers on the fins of the air-side significantly affect the 
air-side heat transfer coefficient. The Aoki model only takes into account the louver pitch, while 
the Davenport model takes into account the pitch as well as other geometric dimensions such as 
the louver height, and the louver length. 
 
Shell & Tube Heat Exchanger Design 
 
A new shell and tube heat exchanger cartridge was designed to balance high temperature differ-
ences with high flow rates. To do this a model in MATLAB was created to solve for the maxi-
mum flow rate possible given the pressure drop through the system, then to solve for the temper-
ature difference between the inlet and outlet on both the shell and the tube sides. Pressure drops 
across each component of the DLM were measured and an empirical equation was developed to 
use the model of the heat exchanger. The different components in the pressure drop model in-
clude the rotameters and the fittings that connect to the cartridge. Now that the model is devel-
oped one can input the initial temperatures of water in the two tanks and tube inner diameter. In 
the final design, seven 1/8” tubes with 0.065 in. inner diameter were determined necessary to 
give a minimal 3°C temperature drop, desired for system applicability, when starting with room 
temperature water and 40°C reservoir water. The flow rates needed for the system are deter-
mined to be 24 GPH on the tube- and 30 GPH on the shell-sides. 
 
Boiler/Condenser 
 
A new boiler / condenser design prototype will be used. We are considering water and fluorinat-
ed hydrocarbons as work fluid options. The fluids placed under vacuum will boil when in contact 
with hot tap water run from the DLM reservoir through a pipe to which the fluids are exposed. 
Fluid will then condense when exposed to room temperature tap water on contact with a pipe at 
the top of the cartridge. In the test system pressure measurements will be made to determine if 
vapor pressures developed are not so great as to damage the cartridge. Also, we will assess 
whether fluids will boil in a reasonable amount of time for classroom use. 
 
  
Mechanical Engineering Solar Cartridge 
 
Solar thermal methods are being incorporated into the undergraduate curriculum at Embry Rid-
dle Aeronautical University (ERAU). Textbooks that include solar thermal approaches are used 
but we still lack ideal hardware to demonstrate clearly solar thermal power collection. The solar 
powered Organic Rankine Cycle DLM cartridge being developed at ERAU will enhance engi-
neering education in the thermal sciences first, because it is a desktop scale steam power plant 
and second, because it will be driven entirely by heat from the sun. Currently, a solar powered 
boiler has been designed and tested that, by itself, enhances a heat transfer lab by demonstrating 
all three heat transfer modes: radiation, conduction, and convection. The box encompassing the 
sun, concentrator, and boiler in Fig. 10 indicates the current tested components of the Organic 
Rankine Cycle DLM cartridge. 
 
 
Fig. 10. The solar powered boiler subsystem was designed and tested. The complete Organic 
Rankine Cycle will interface to the Desktop Learning Module (DLM) through the condenser’s 
cooling water. 
 
The planned interfaces to the Organic Rankine Cycle are through the condenser’s cooling water 
circuit, boiler temperature and pressure measurement, and electric power generation measure-
ment. The complete Organic Rankine Cycle is an ongoing effort. Fig. 11 shows a schematic of a 
newly designed and validated boiling chamber, which is then enclosed by glass, that generates 
steam entirely from the sun in 4 - 5 min. Using a solar concentrator, the sun’s heat is focused on-
to a copper absorber plate that then acts as a heating element. The absorber plate is surrounded 
by water and receives solar power via radiation through high temperature glass. The energized 
copper plate heats the working fluid through convection. The hot side is painted black to increase 
absorptivity. This is a direct steam generation boiler so the entering water stratifies upon boiling 
into two steady-state flow regions with both liquid and gaseous phases. High temperature glass 
on both sides with rubber gaskets holds the water and steam inside the chamber and passes the 
solar radiation to the heating element. The opposite side’s glass allows students to clearly ob-
serve the continuous two-phase stratified flow. The boiler’s aluminum body has milled channels 
along the side and top chamber walls to provide insulating air pockets that hinder heat loss from 
the boiling chamber to the surroundings. 
 
Interface to 
DLM 
Test results are positive and students clearly see the steady state boiling and exiting steam. It is 
clear that the boiling condition has resulted entirely from concentrated solar power. An RTD 
temperature sensor measures water temperature on the side opposite the solar hot spot to avoid 
solar radiation causing artificially high temperatures. The temperature rises to and remains at 
100ºC corresponding to boiling water and students can see steam exit the boiler within 4-5 min. 
Fig. 12 shows three images in a sequence of increasingly rapid boiling conditions. 
 
Fig. 11. A 0.9 m diameter Fresnel lens focuses approximately 1m2 of solar heat onto a copper 
heating element. Under ideal solar conditions the Fresnel lens concentrates 1kW of solar thermal 
heat onto a 3 cm diameter hot spot. Water enters the boiler’s inlet on the bottom and exits as 
steam from the top. 
 
 
Fig. 12. Boiling process. As boiling becomes more rapid students see progressively larger steam 
bubbles form on the copper plate. From right to left, these views show low, medium, and rapid 
boiling conditions. The photos are taken from the back, opposite the solar hot spot that transfers 
heat to the copper heating element via radiation. The heating element distributes and transfers 
heat to the water through conduction and convection. 
 
The boiler dynamically illustrates radiation, conduction, and convection. A laboratory lesson has 
been developed for estimating the steam’s volumetric flow rate from water inlet measurements. 
Students also estimate solar-to-steam power efficiency. Initial measurements showed solar power 
conversion of 27%. The next steps are to mount a small Pelton wheel turbine to the boiler’s exit 
and close the Rankine Cycle loop with a condenser and pump. 
 
Conclusions 
Collectively our team has set out to create a larger set of new miniaturized, yet rigorous, hands-
on learning cartridges that snap-in to the DLM base unit. These not only include miniature pro-
cess industry equipment, but also miniaturized civil engineering structures i.e. weirs, and systems 
for studying biomedical and bioengineering principles. All show promise, yet need further de-
velopment. A rigorous pre- / post- assessment strategy has been developed based on extensive 
interviews with students that revealed misconceptions in civil engineering hydrodynamics. A 
similar implementation is being used in Chemical Engineering based on previous implementa-
tions of similar pedagogy. This tact is also planned for use in the Bioengineering courses. As-
sessments will be used to collect baseline results for a lecture-based course. Plans for assessment 
implementation along with the hands-on DLM intervention are underway and initial results will 
be presented at the 2012 ASEE Meeting.  
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